Abstract: Craniofacial growth is influenced by the interaction of muscle and bone tissues. The medial pterygoid (MP) is one of the muscles of mastication attached to the mandible. The purpose of the study was to investigate the relation between the MP and mandible during embryogenesis. Specimens were prepared from fifty fetal mice at embryonic day (ED) 12.5, 13.5, 14.5 and 15.5. Slides were stained with hematoxylin and eosin (H&E) and observed under the light microscope. Immunohistochemistry using desmin, a muscle specific marker, as well as vimentin, a mesenchymal specific marker, were also carried out. Desmin and vimentin mRNA expressions were analyzed by quantitative polymerase chain reaction. Results showed that at ED 12.5, the MP and lateral pterygoid (LP) and tensor veli palatine (TVP) were adjacent to one another. Over time, the LP moved more externally while the TVP moved more medially. At ED 13.5, the mandible started to form while the MP moved towards the developing mandible. At ED 14.5, the palatine shelves were also seen in a horizontal position. Over time, desmin localization was observed at myotendinous junctions in between the MP and Meckel's cartilage (MC) as well as in between the MP and mandible and finally in the center of the muscle. The increase in the expression was supported by desmin mRNA expression. Vimentin was widely distributed in mesenchymal cells with no significant difference among the stages. The results suggest that although the muscles of mastication were still immature, the premature contraction of the MP and the positional relationship provide a dynamic change between the development growth of the mandible and the start of the fusion of the secondary palate.
Introduction
The MC is a cartilaginous bar from which the prenatal mandible develops. The influence of the MC to the development of other muscles specifically the mylohyoid has been shown recently 1) . Three powerful muscles constituting the muscles of mastication are attached to the mandibular bone responsible for its intricate movements. During embryonic development, these muscles grow side by side with the mandible. The development of craniofacial structure is a complex process of muscle and bone tissue interaction where adjacent muscles affect the development of bone tissues.
Another process during craniofacial growth that may be influenced by myogenesis is the development of the secondary palate. It has been shown that the TVP somehow influenced the fusion of the palatine shelves during embryogenesis 2) . This process requires the growth, elevation and fusion at the midline of the palatal shelves 3) . The development of the secondary palate in particular has been investigated by many researchers using mouse. The development of palatal shelves in mouse begins inside of the maxillary process at ED 11. Palatal shelves on both sides of the tongue grow in a vertical direction between ED 12.5 and 13.5.
Thereafter, on ED 14 palatal protrusion become positioned horizontally and increases in size, the left and right palatine processes begin contact from ED 14.5 and fusion occurs 4, 5) . In the end, the midline edge epithelial seam disappeared from the secondary palate and complete fusion of the palate ends at ED 15.5 6) .
The maturation process of skeletal muscle has been shown to be accompanied by the expression of desmin. Desmin is a muscle specific intermediate filament, linking myofibrils to each other at the level of Z band and it is also believed to link the myofibrils to the sarcolemma 7, 8) . Moreover, desmin expression has been shown in the development of muscle, myoblast, myotubes, muscle fibers addition, desmin integration in cardiac and skeletal muscle during embryonic development is faster than in any other parts of the body 15, 16) . Vimentin is similar to desmin intermediate filament,
which both exist in skeletal muscles 1) . Desmin has also been reported to be present in costameres existing at the membranes overlying Z-disks and M bands 17) . Another intermediate filament reported to be important in maintaining the stability of mesenchymal cells is vimentin 10) . Vimentin is a marker of osteoprogenitor cells [18] [19] [20] as shown in its expression in bone cells and osteoblastic cells 19) . Due to the highly dynamic modification in the expression of vimentin in embryogenesis, the protein has been known to play vital role in physiological processes, cell attachment, migration and signaling 21) .
The study focused on the histological examination of the MP as well as the surrounding structures during embryogenesis.
Moreover, the protein localization and gene expression of muscle specific marker desmin and mesenchymal cell marker vimentin were investigated.
Materials and Methods

Tissue samples
ICR mice at ED 12.5, 13.5, 14.5 and 15.5 were used in the study. A female mouse was housed with a male overnight, and noon of the day when the vaginal plug was observed was designated as ED 0.5. Ten fetuses at each embryonic stage were utilized for 50 specimens. Fetal mice were obtained from euthanized pregnant dams using diethyl ether. The study was conducted following the guidelines of Tokyo Dental College for animal experiments (No. 250102).
Histological preparation
Specimens were fixed in 4 % phosphate-buffered paraformaldehyde. Paraffin blocks were prepared following routine histological manner. Series of frontal sections with 5 to 10-μm in thickness were cut with a sliding microtome and then stained with hematoxylin and eosin (H&E). The morphology of the MP as well as the surrounding tissues was observed under the light microscope.
Immunohistochemistry (IHC)
IHC was carried out to determine the localization of desmin and vimentin. Briefly, sections were treated with primary antibody against vimentin (dilution, 1; 1000; Abcam, Cambridge, UK) or desmin (dilution, 1: 1000; EPITOMICS, Burlingame, CA) and incubated at 4 o C overnight. Then after, secondary antibody was applied using Alexa Fluor 488 (dilution, 1; 1000; Invitrogen, Carlsbad, CA) for 1 h at room temperature. Sections were examined using Axiophot 2 polarizing light microscope (Carl Zeiss Microimaging GmbH, Oberkochen, Germany).
Laser microdissection (LMD)
LMD was carried out for precise selection of the MP muscle tissue to quantify mRNA expression. Fetal mice were embedded perpendicularly in scanning confocal electron microscope (Leica Microsystems Japan, Tokyo, Japan) and then immediately frozen in isopentane cooled in liquid nitrogen. Frozen blocks were then prepared and stored at -80 o C. Frozen samples were sliced at 8 μm thickness using Leica CM 3000 cryostat (Leica Microsystems, Wetzlar, Germany). Samples were mounted onto membrane slides 
Statistical comparison
Statistical comparisons were made using a one-way analysis of variance (ANOVA). Tukey's multiple comparison test was used for further comparisons from ED 12.5 to ED 15.5 (p<0.05), using the SPSS ® @ software program (SPSS Japan, INC, Tokyo, Japan). Fig. 2 shows the H&E at ED 12.5 to 15.5. At ED 12.5 ( Fig.  2A) , the MP is in a slight contact with the MC. Medial to the MP is the undifferentiated TVP while lateral and slightly above is the LP. At this time, the MP, LP and TVP are in close proximity to one another and are distinct from one another. The MP and LP muscle fibers run in the same direction. The palatine shelf can also be observed. Bone tissues have not been clearly observed.
Results H&E
At ED 13.5 (Fig. 2B) , the inferior part of the future mandible started to develop and the MP muscle fibers seems to be pulled downward, towards the bone tissue as they continue to develop.
Compared at ED 12.5, the TVP is more medially located in relation to the MP and the LP is moving in an outward or lateral direction.
At ED 14.5 ( Fig. 2C) , the bone-like tissue representing the future mandible can be clearly seen. The MP continues to develop below and in an outer direction compared at ED 13.5. Meanwhile, the masseter has started to form inside the lower edge of the angle of the mandible and has moved closer to the MP. Furthermore, the sphenoid bone can be clearly seen. Moreover, the secondary palate is in a horizontal position, bone tissue is evident and the directions of the muscle fibers are now apparent. At ED 15.5 ( Fig. 2D) , almost the entire MP is now in contact with the mandible and partially in contact with the MC. In addition, muscle bundles are now evident. Fig. 3B to 3E shows the localization of desmin. At ED 12.5
IHC
( Fig. 3B) , desmin was expressed by cells located in between the MP and future mandible. At ED 13.5 ( Fig. 3C ), more cells expressed desmin specifically those in between the MP and MC. The cells in between the MP and future mandible (arrow) strongly expressed desmin. At ED 14.5 ( Fig. 3D ) and 15.5 ( Fig. 3E) , strong desmin expression was observed in the center of developing MP (arrowhead). 
Embryonic day
Discussion
The development of the mandible commences at the fibrous membrane covering the outer surfaces of the MC, thus plays a vital role in the development of prenatal mandible. Bone architecture is influenced by adjacent musculature through mechanical stimulus. Muscle contraction in fetal life is important to the development of normal maxillofacial area. Lack of muscle contraction during embryonic period would lead to various abnormalities like trismus, small jaw and small tongue 22) . The study focused on the embryonic development of the MP in relation to the mandible since muscles of mastication develop side by side with the mandible. Moreover, bone development is influenced by adjacent musculature. It is then possible that the MP would have an impact of the development of the mandible.
It was clearly shown that the MP, LP and TVP were in close proximity to one another at ED 12.5. This result corresponds to a study presenting that the TVP and MP share a common blastema, which they originated 2) . From the histological examination, the three muscles constitute the same group of cells in the early development. Furthermore, one can determine that premature group of cells eventually will differentiate into individual muscles over time. In addition, at ED 12.5, the MP and LP muscle fibers run in similar direction but thereafter, the direction of LP muscle fibers gradually changed even if they started with the same group of cells. At ED 13.5, the immature mandible started to be noticed while the MP continued to develop. The MP muscle fibers seemed to move towards the developing mandible. Therefore, from this period, MP would contact both the MC and mandible.
At ED 14.5, the bone-like tissue signifying the future mandible started to develop. As a result, the MP developed below and in an outer direction having several bundles of muscle fibers. Meanwhile, the masseter also began to grow at the lower edge and at the angle of the mandible. It is now close to the MP at ED 14.5. The MP in mouse has its origin from the palatal shelves in between the wing-like projections and terminates on the inner side of the mandibular angle. The part of the MP at the lower angle of the mandible is in contact with the superficial part of the masseter 23) . Taken together, with the appearance of the sphenoid bone at ED 14.5, the origin of the MP can now be confirmed. The development of the palatal shelves in mouse starts on ED 11 and fusion of the right and left palatine processes occurs at ED 14.5 4, 5) . Although the actual fusion of the palatine shelves were not shown in the sections, the horizontal position of the secondary palate at ED 14.5, which would be followed by the fusion of the palatal shelves suggest that the dynamic position and development of the MP might have contributed to the start of the fusion of the palatine shelves. Furthermore, at this time, the bone tissue is also now clearly visible as well as the directions of the muscle fibers.
The results of histological examination were supported by IHC and qPCR. Desmin gene expression increased over time from ED 12.5 to 15.5. Starting at ED 12.5, desmin was observed at the junction of the MC and MP, which represents the future myotendinous junction. Over time, desmin was observed not only in between the MP and mandible but also in the center of the muscle indicating the initial stage of muscle differentiation 9) . So far, various researchers have reported the multiple tendons of the MP. The MP in humans has seven muscle layers specifically made having feather-like structure with a well-developed tendon 24) . The MP has three attachments namely the inner surface of the MP plate, the posterior surface of the maxilla and the periosteum of the LP plate without directly going through the inner surface of the tendon 25) . Moreover, the MP in rats has four lateral and four medial tendons 26 . The results showed that at ED 14.5, the MP has already more than one tendon, which is clearly shown by observing the expression patterns of desmin to integrate strongly in the future tendon. Besides, in human, desmin expression in between muscle tendon and then to the entire muscle fibers was found 15) . As early as ED 12.5, the desmin was localized in between the MP and future mandible. Thereafter, at ED 13.5, the sign of the future mandible became visible lateral to where desmin was first localized. Desmin is known to be a specific marker of skeletal muscle and its expression is considered a physiological response rather than a pathological condition 9, 12) . Moreover, bone tissue development is stimulated by adjacent muscles through mechanical stress. In human fetal skeletal muscle, desmin increases with the growth of the fetus, the myocardium 10, 11) . The study clearly showed the strong desmin integration in the part of the future tendons suggesting the site of mechanical stress. Furthermore, earlier development of the MP than the mandible, together with the premature contraction of the MP shown by desmin expression initiated the development of the mandible through mechanical stimulation.
Vimentin was widely observed in mesenchymal cells. Vimentin is known to be a marker of mesenchymal cells 10) . Moreover, it s also known as a marker of bone progenitor cells 19) . Vimentin expression in this study is similar to the expression pattern in the mylohyoid where no significant difference was observed among the groups during development 1) . However, in human fetal skeletal muscle and myocardium, a decrease in vimentin expression was observed 10, 11) . Nevertheless, vimentin expressed by the surrounding tissues caused the development of the muscle and bone tissues particularly the MP and mandible. The simultaneous expression of desmin and vimentin suggest the maturation of developing muscle and bone as well as the myotendinous junction.
Based on the results, the order of occurrence is considered as follows: nerve, muscle, bone. Although the muscles of mastication were still immature, the premature contraction of the MP and the positional relationship provide a dynamic change between the developmental growth of the mandible and the start of the fusion of the secondary palate.
